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Summary
Objectives: To interrelate articular calciﬁed cartilage thickness, mineralisation density, tidemark count and tidemark linear accretion rate by
site in the equine third metacarpal distal condyle. To determine the effects of exercise during early life on articular calciﬁed cartilage.
Method: Six of 12 pasture-raised Thoroughbred horses were exercised from 10 days old. Calcein labels were given 19 and 8 days prior to
euthanasia at 18 months old. Osteochondral specimens were cut from the distal third metacarpal condyle and imaged using confocal scanning
light microscopy (CSLM) and quantitative backscattered electron scanning electron microscopy (qBSE). Articular calciﬁed cartilage thickness
and total thickness mineralisation density were measured on montaged qBSE image sets, and inter-label mineralisation density, tidemark
count and linear accretion rate measured on registered CSLMeqBSE image pairs.
Results: Calciﬁed cartilage thickness, mineralisation density, tidemark count and linear accretion rate varied signiﬁcantly between sites. Re-
gions with thinner calciﬁed cartilage had greater linear accretion rates, hence rapid chondroclastic resorption. Mineralisation density was pos-
itively correlated with linear accretion rate. Fewer multiple tidemarks were counted in regions with greater linear accretion rates. Lag time
between the tidemark and cement line was estimated (180 days; in the range of 0e648 days). Exercise had little effect on measured
parameters.
Conclusion: The major determinant of articular calciﬁed cartilage thickness is the rate of chondroclastic resorption, not tidemark linear accre-
tion rate. Our evidence supports coupled, mechanosensitive regulation of chondroclastic resorption and linear accretion rate in articular cal-
ciﬁed cartilage. Exercising pasture-reared foals causes little additional adaptation in distal third metacarpal articular calciﬁed cartilage.
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The mineralising front (tidemark) of articular calciﬁed carti-
lage is thought to be regulated in response to mechanical
loading1,2, but this process is not well understood. Advance-
ment of the tidemark may result in thinning of hyaline
articular cartilage3 and contribute to osteoarthritis4,5. Chon-
droclastic resorption of deep calciﬁed cartilage with replace-
ment by subchondral bone at the osteochondral junction
may decline with increasing skeletal maturity, but may be
more active in areas of high load in people over 606 or dur-
ing limb casting7. Calciﬁed cartilage thickness represents
the balance between the rate of tidemark advancement
1Financial support. Doube: Horserace Betting Levy Board Vet-
erinary Research Training Scholarship, VET/RS/230. Firth: Equine
Research New Zealand, Global Equine Research Alliance, New
Zealand Racing Board, Marilyn M. Simpson Trust, Utrecht Univer-
sity, Horserace Betting Levy Board Veterinary Project Grant
VET/PRJ/705. Boyde: Horserace Betting Levy Board Veterinary
Project Grant VET/PRJ/705.
*Address correspondence and reprint requests to: Michael
Doube, B.Phil., B.V.Sc., Dental Institute, Queen Mary University
of London, New Road, Whitechapel, London E1 1BB, United
Kingdom. Tel/Fax: þ44-20-7377-7000x2681; E-mail: m.doube@
qmul.ac.uk
Received 7 August 2006; revision accepted 3 April 2007.12into hyaline cartilage (tidemark linear accretion rate) and
the rate of calciﬁed cartilage resorption at the erstwhile os-
teochondral junction, where calciﬁed cartilage is resorbed
by tartrate-resistant acid phosphatase-positive chondro-
clasts8,9. Tidemark linear accretion rate may be measured
by multiple intra-vital labelling with ﬂuorochrome markers,
but no method exists to measure directly the rate of chon-
droclastic resorption at the osteochondral junction, which
is very localised and non-uniform. The ‘cutting cones’ of
multinucleated ‘clasts’ with capillary blood vessel support
have ﬁrst to penetrate bone to invade the calciﬁed cartilage
domain, and there is no evidence to suggest that this local
advance rate differs from that in bone, where it has been es-
timated at 40e50 mm per day10. A distinctive ‘cement line’
forms at the osteochondral junction once chondroclastic re-
sorption has ceased and bone apposition has occurred.
Tidemark advancement and chondroclastic resorption
may be coupled in adult cartilage11. Multiple tidemarks
are commonly observed in the normal articular calciﬁed car-
tilage of all species studied to date11, including horses12, so
their presence is not unique to osteoarthritis as is some-
times suggested13. Labelling of multiple tidemarks following
single tetracycline doses has been reported14, indicating
that cartilage mineralisation might occur deep to the tide-
mark. Variation in calciﬁed cartilage mineralisation density
and tidemark linear accretion rate may occur within the83
1284 M. Doube et al.: Equine articular calciﬁed cartilagecalciﬁed cartilage of a single joint15,16, but any possible re-
lationship between calciﬁed cartilage mineralisation density
and tidemark linear accretion rate is unclear.
The Thoroughbred racehorse is a large athletic animal in
which the responses of cartilage to controlled exercise may
be investigated. The equine metacarpophalangeal joint (fet-
lock joint) is a high-motion, high-load joint comprising artic-
ulations between the distal third metacarpal condyle and
proximal phalanx and paired proximal sesamoid bones.
The metacarpophalangeal joint is a frequent site of pathol-
ogy compared to other joints in the horse, but changes
such as cartilage wear lines and collapse are often clinically
silent17e19. The most common cause of racetrack fatality in
the United Kingdom is lateral condylar fracture of the distal
third metacarpal condyle20, which originates within the
metacarpophalangeal joint. Linear defects involving articu-
lar calciﬁed cartilage and subchondral bone of the parasa-
gittal groove of the distal third metacarpal condyle have
been implicated in the initiation of condylar fracture21e24.
Macroscopic cracks in hyaline articular cartilage typically
extend in the sagittal plane several millimetres around the
disto-palmar parasagittal groove of the third metacarpal
condyle. Microcracks in calciﬁed cartilage may be found un-
derlying hyaline cartilage cracks12,21. Subchondral bone re-
sorption is frequently seen beneath damaged cartilage.
Such linear defects are thought to act as stress concentra-
tors, from which fractures may propagate through the third
metacarpal bone22.
Foals are born with biochemically homogeneous hyaline
articular cartilage in the metacarpophalangeal joint, in which
regional heterogeneity develops within 5 months of age25,26.
Signiﬁcant site-related variation in hyaline cartilage stiffness,
thickness and water content was found in the distal third
metacarpal condyle of 18-month-old horses27. Notably, hya-
line cartilage in the parasagittal groove had a higher water
content, was thicker and less stiff than elsewhere on the
condyle27.The present study examined calciﬁed cartilage in speci-
mens directly adjacent to those used by Nugent et al.27
for site- and exercise-related variation in thickness, mineral-
isation density, tidemark count and linear accretion rate. In-
terrelationships between these parameters were explored
to gain insight into possible mechanical load-related regula-
tion of the tidemark and chondroclastic resorption, and the
potential role of calciﬁed cartilage in condylar fracture of
the equine distal third metacarpal.
Method
Twelve Thoroughbred horses were raised at pasture in
New Zealand as part of a larger project coordinated by
the Global Equine Research Alliance. All live animal proce-
dures were performed with approval of the appropriate ani-
mal ethics committee. Foals were blocked for sex and sire
and divided into control (n¼ 6) and exercise (n¼ 6) groups.
Exercise was administered from 10 days old as in Nugent
et al.27. Brieﬂy, foals ran 1020 m, 5 days per week at
a base speed, which increased from 4.20 ms1 at 10
days, to 5.56 ms1 at 4 months, to 6.66 ms1 at 6 months.
At 6 months, a 250 m sprint at 12 ms1 was introduced after
the ﬁrst 500 m at base speed. Speed was regulated by
a pair of four-wheeled motorcycles, one ahead of and one
behind the horses. All 12 horses received intravenous injec-
tions of calcein (25 mg kg1) 19 and 8 days prior to eutha-
nasia at 18 months old (17.58 0.98 months old). After
euthanasia both forelimbs were dissected free, and synovial
ﬂuid and hyaline cartilage samples taken from the metacar-
pophalangeal joint for other studies. Third metacarpal
condyles were frozen at 20C until sectioning. Osteochon-
dral slices of each condyle were made in the dorsale25e
obliqueefrontal plane (A-slice) and the palmare35e
obliqueefrontal plane (C-slice) [Fig. 1(A)]28; the specimens
used by Nugent et al. were between and contiguous with
these slices27. Bone sections were dehydrated in ethanolFig. 1. Sample locations and qBSE montage of lateromedial extent of third metacarpal condylar articular calciﬁed cartilage. (A) A- and C-slices
were taken at the lines marked in cyan; pink squares mark the seven sampling sites. (B) qBSE montage demonstrating entire lateromedial
extent of distal third metacarpal condylar articular calciﬁed cartilage. Calciﬁed cartilage thickness and total thickness mineralisation density
measures were made on every tile of each montage; numbers 1e20 indicate relative positions; white rectangle is enlarged in (C). For inter-
pretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.
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face was prepared for imaging by diamond ultramilling
(Reichert-Jung Ultramiller, Leica UK).
A confocal scanning light microscopy (CSLM) and quan-
titative backscattered electron scanning electron micros-
copy (qBSE) image registration technique was developed
to correlate tidemark linear accretion rate and articular cal-
ciﬁed cartilage mineralisation density at the micron scale16.
Combined reﬂection (blue), autoﬂuorescence (red) and cal-
cein ﬂuorescence (green) images were made with a Leica
SP2 CSLM using 488 nm excitation and a 40/1.0NA ob-
jective. Seven anatomically distinct articular calciﬁed carti-
lage sites were imaged per specimen [Fig. 1(A)], taking
care to include only the specimen surface in the confocal
image plane.
Specimens were then carbon-coated and qBSE images
made in a Zeiss DSM 962 scanning electron microscope.
Montages of the entire lateromedial extent of the calciﬁed
cartilage layer were made at a nominal 50 magniﬁcation
(1782 mm ﬁeld width), 17 mm working distance and 20 kV
accelerating voltage [Fig. 1(B) and (C)]. Sites matching
the CSLM images were identiﬁed and imaged in qBSE at
200 magniﬁcation (445 mm ﬁeld width). Spatial calibration
was performed by making images of a 10 mm ‘checker-
board-in-checkerboard’ pattern etched in a silicon wafer
(Agar Scientiﬁc, Stansted, Essex UK Cat S171), using the
same instrument parameters as used for specimen imag-
ing. Monoiodinated- and monobrominated-dimethacrylate
standards were used to calibrate compositional contrast
for mineralisation density measurement. Zeiss IMG format
images were converted to 8-bit greyscale TIFF images
and the image grey levels stretched so that the backscatter
coefﬁcient of the monobrominated-dimethacrylate standard
image grey was set to 0, and that of the monoiodinated-
dimethacrylate to 25528.Articular calciﬁed cartilage thickness, proportion of the
region of interest (ROI) containing mineralised matrix
(mineralised fraction) and mean calciﬁed cartilage extracel-
lular matrix mineralisation density between the osteochon-
dral junction and tidemark (total thickness mineralisation
density) were measured in the 50 qBSE montage image
tiles. The tile set of each montage was opened as a
stack in ImageJ29. Calciﬁed cartilage in each slice of the
stack was measured with several ROIs extending from
the tidemark to the cement line of the osteochondral
junction, placed perpendicular to the tidemark and spaced
250 mm apart. Care was taken to avoid measuring
specimen regions twice when they appeared within overlap-
ping montage tiles. Relative position was calculated to
standardise the anatomic location of each measurement.
The number of images distant from the most lateral
image was divided by the total number of images in each
montage to give a value between 0 (most lateral) and 1
(most medial). Relative position was divided into 20 n-tiles
for analysis, with n-tile 20 occupying the most medial posi-
tion on the condyle. Mean thickness and total thickness
mineralisation density were calculated for each n-tile and
specimen.
CSLM images were registered to 200 qBSE images of
matching sites using in-house software (Honzas30) and
loaded into ImageJ with the Sync Windows plugin31 acti-
vated. Linear accretion rate and mineralisation density of
calciﬁed cartilage extracellular matrix bounded by calcein
labels (inter-label mineralisation density) were measured
on the qBSE image [Fig. 2(B)], using calcein label bands
in the CSLM image [Fig. 2(A)] as a temporospatial refer-
ence16. ROIs were placed at 10 mm intervals, using the
proximal label edges as start and endpoints (Fig. 2). Multi-
ple tidemarks were counted in the 200 qBSE images at
four evenly-spaced sites per image. Mean linear accretionFig. 2. Correlated measurement of tidemark linear accretion rate and inter-label mineralisation density using ImageJ. Registered CSLM (A)
and qBSE (B) images were loaded into ImageJ and cursor motion synchronised using Sync Windows. The cursor is visible as red cross-hairs
to the top left of both image windows. Measurements of inter-label mineralisation density were made on (B) using calcein labels in (A) as ref-
erence points. Calcein labels identify the position of the mineralising front 19 and 8 days prior to euthanasia. Linear accretion rate was cal-
culated by dividing the ROI’s length by the inter-label period (11 days). Multiple tidemarks did not show calcein labelling unless they formed
during label administration. The ﬁrst and second calcein labels are visible in calciﬁed cartilage (1a, 2a) and bone (1b, 2b). Bo, bone; CL, ce-
ment line; ACC, articular calciﬁed cartilage; C, chondrocyte; HAC, hyaline articular cartilage; R, ROI; three sets of paired arrows indicate three
multiple tidemarks, identiﬁable in qBSE as alternating light and dark bands; bar¼ 30 mm. Markers are replicated in each window to show the
positions of features that may be invisible to either CSLM or qBSE. For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.
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were calculated for each site and specimen and used in
subsequent analyses.
Lag time between the tidemark and osteochondral junction
cement line was estimated by dividing calciﬁed cartilage
thickness by tidemark linear accretion rate for each site
and specimen. Lag time reﬂects the time elapsed between
cartilage mineralisation and (osteo-)chondroclastic resorp-
tion, from which chondroclastic activity can be inferred.
Data were analysed in SPSS v 11.0.0 (SPSS Inc., Chi-
cago, IL). Univariate analysis of variance (ANOVA) was
used to test for variation in each parameter with respect
to site or relative position. Student’s t tests were performed
for each parameter by site or relative position to test for dif-
ferences between exercise groups. Parameters were com-
pared to each other with Pearson’s correlation.
Results
SITE EFFECTS
Articular calciﬁed cartilage thickness, mineralised fraction
and total thickness mineralisation density varied signiﬁ-
cantly with relative position and bone slice (P< 0.001)
(Fig. 3). A subtle mediolateral trend in calciﬁed cartilagethickness was seen in the A-slice, with the medial condyle
showing thicker calciﬁed cartilage than the lateral condyle
[Fig. 3(C)]. Regions of greatly increased calciﬁed cartilage
thickness (>500 mm) were seen in the sagittal ridge of
four A-slices and the parasagittal grooves of four C-slices
[Fig. 3(C) and (D)].
Signiﬁcant variation by site was found in calciﬁed carti-
lage inter-label mineralisation density (P< 0.001), linear ac-
cretion rate (P< 0.001) and tidemark count (P¼ 0.014)
(Fig. 4). Greatest linear accretion rate was seen on the sag-
ittal ridge of the C-slice and the joint edges of both A- and
C-slices.
EXERCISE EFFECTS
Linear accretion rate was less in exercised than control
horses in one site only, the lateral condyle of the A-slice
(0.65 0.14 vs 0.94 0.15 mmd1, P¼ 0.01). Inter-label
mineralisation density was greater in exercised than
control horses in one site only, the medial edge of the
C-slice (141.2 7.2 vs 124.8 7.8 greys, P¼ 0.032).
Multiple tidemarks were less frequent in exercised than
in control horses in one site only, the sagittal ridge of
the C-slice (0.98 0.47 vs 2.45 0.79, P¼ 0.024). Total
thickness mineralisation density was signiﬁcantly greaterA-Slice C-Slice
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Fig. 3. Articular calciﬁed cartilage total thickness mineralisation density (TTDm) and thickness vs relative position. Clear spatial trends may be
seen, notably on joint edges, where calciﬁed cartilage is thin and mineralisation density is high; the same trend is seen on the sagittal ridge
(relative positions 9e11) of the C-slice. Peak calciﬁed cartilage thickness was seen at relative position 10 in the A-slice (C) and relative po-
sitions 7 and 14 in the C-slice (D). A third peak is present at relative position 5 of exercised horses’ calciﬁed cartilage thickness in the C-slice;
this was due to a single individual with very thick calciﬁed cartilage on the lateral condyle of the third metacarpal. * denotes signiﬁcant effect of
exercise (P< 0.05). Dashed line exercised, solid line control.
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Fig. 4. Articular calciﬁed cartilage linear accretion rate, inter-label mineralisation density (ILDm) and tidemark counts by site. Spatial trends in
linear accretion rate and inter-label mineralisation density are clear, but no spatial trend in tidemark count is visible. High linear accretion rate is
seen on the joint edges and C-slice sagittal ridge, where there is a tendency to high inter-label mineralisation density.(P< 0.05) in exercised than control horses in seven po-
sitions distributed across the A- and C-slices. Thickness
was greater in control than exercised horses in two posi-
tions on the C-slice (signiﬁcant differences denoted by
* in Figs. 3 and 4).INTERRELATIONSHIPS
Three continuous clusters of points were visible in the ar-
ticular calciﬁed cartilage thickness vs total thickness miner-
alisation density scatter plot. Most points were conﬁned
1288 M. Doube et al.: Equine articular calciﬁed cartilagewithin total thickness mineralisation density of 50e200 grey
levels and below 400 mm thickness. The second cluster had
very high thickness, occasionally greater than 1000 mm,
and total thickness mineralisation density of around 100
grey levels, while the third cluster had moderately high
thickness (400e800 mm) and total thickness mineralisation
density (100e200 grey levels) (Fig. 5). Site-by-site plots of
articular calciﬁed cartilage thickness vs total thickness
mineralisation density revealed that the clusters with high
thickness were contained within the A-slice sagittal ridge
and C-slice parasagittal groove regions (data not shown).
Inter-label mineralisation density was signiﬁcantly posi-
tively correlated with linear accretion rate (r¼ 0.178,
P< 0.001) (Fig. 6). A signiﬁcant negative correlation existed
between calciﬁed cartilage thickness and mineralised frac-
tion (r¼0.440, P< 0.001).
Comparing data sets by horse and site revealed that
regions with very thick calciﬁed cartilage did not have a pro-
portional increase in linear accretion rate: instead, a nega-
tive correlation was found between linear accretion rate
and calciﬁed cartilage thickness (r¼0.220, P¼ 0.015).
Median estimated lag time was 180 days. In some sites,
vascular invasion reached the mineralising front, in which
case the lag time was ‘0’ days and a cartilage canal may
have formed32. Maximum lag time was 648 days, longer
than the horses’ post-natal life. Subtracting these values
from the age at euthanasia (18 months) gives an indication
that vascular invasion was occurring in articular calciﬁed
cartilage that mineralised around 6 months earlier, at about
12 months of age in most sites. Chondroclastic resorption
may have been substantially delayed in other sites, where
lag times were greater.
A negative correlation was found between tidemark count
and linear accretion rate (r¼0.280, P¼ 0.002) (Fig. 7). In
thick calciﬁed cartilage, multiple tidemarks were visible in
the most superﬁcial layers, occupying only a quarter to
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Fig. 5. Total thickness mineralisation density (TTDm) vs thickness.
Three clusters of points are visible. The bulk of measurements are
conﬁned to a group on the left of the graph (grey squares), while
two additional clusters can be seen extending to the right (thick cal-
ciﬁed cartilage, ﬁlled black squares) and upper right (thick calciﬁed
cartilage, high inter-label mineralisation density, open black
squares). The additional two clusters of points comprised measure-
ments from the C-slice parasagittal grooves and A-slice sagittal
ridge.one-third of the total calciﬁed cartilage thickness. No signif-
icant relationship existed between tidemark count and calci-
ﬁed cartilage thickness. Importantly, not more than two
calcein bands were observed in any site, including those
with obvious multiple tidemarks.
Discussion
These are the ﬁrst data, other than the preliminary data
acquired in method development16, for articular calciﬁed
cartilage mineralisation density in 18-month-old horses,
and the ﬁrst comprehensive data for calciﬁed cartilage linear
accretion rate in any equine joint. Previous calciﬁed cartilage
linear accretion rate measurements used rat femorotibial
joints1 where a similar range of linear accretion rates was
found.
Several spatial trends emerged in calciﬁed cartilage pa-
rameters in the equine distal third metacarpal condyle.
Edge regions and the C-slice sagittal ridge tended to have
high mineralisation density, high linear accretion rate, thin
calciﬁedcartilageandshort lag times. Thesesitesexperience
low loads, at least in the standing animal, as they are not on
the bearing surface of the condyle33. Chondroclastic cutting
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Fig. 6. Inter-label mineralisation density (ILDm) vs linear accretion
rate. A slight, signiﬁcant positive correlation was found (r¼ 0.178,
P< 0.001).
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Fig. 7. Tidemark count vs linear accretion rate. A slight negative
correlation was seen between tidemark count and linear accretion
rate (r¼0.280, P¼ 0.002).
1289Osteoarthritis and Cartilage Vol. 15, No. 11cones have previously been shown to penetrate the tidemark
more especially in low-load regions of the distal metacarpal
condyle32. It must be noted that in vivo data on equine meta-
carpophalangeal joint load distributions are scant at present
(though see Refs.33e35, for ex vivo experimental data), so it
is difﬁcult to draw deﬁnite conclusions regarding load effects
on calciﬁed cartilage.
Spatial trends in calciﬁed cartilage parameters appeared
to correlate with subchondral bone trends: thick and poorly
mineralised calciﬁed cartilage tended to be situated on high
volume fraction bone, while thin and highly mineralised cal-
ciﬁed cartilage was found on low volume fraction bone,
agreeing with previous ﬁndings on calciﬁed cartilage thick-
ness in the equine third carpal bone36. Subchondral bone
responds to high load by increasing volume fraction, so it
may be inferred that calciﬁed cartilage overlying high vol-
ume fraction bone experiences a similarly high load. It ap-
pears that calciﬁed cartilage under high loads mineralises
to a lower degree, and is removed by chondroclastic resorp-
tion more slowly, than calciﬁed cartilage under low load.
High linear accretion rate and rapid chondroclastic resorp-
tion in regions of low load would lead to progression of
the subchondral bone plate towards the opposing joint sur-
face. As low-loaded joint surfaces grow towards each other
an increase in joint congruence may occur, as has been de-
scribed in the human elbow37.
Decreased mineralised fraction with increased calciﬁed
cartilage thickness was seen in the A-slice sagittal ridge
and C-slice parasagittal grooves, regions that are under
constant load in the standing horse35. These regions had
a ‘moth-eaten’ pattern to their mineralisation, suggesting lo-
calised failure to mineralise as the tidemark mineralisation
front passed through hyaline articular cartilage. Cross-sec-
tional studies are required to differentiate between failure
of hyaline cartilage mineralisation and calciﬁed cartilage de-
mineralisation. Regional variations in mineralisation density
found in this study are likely to be related to variation in cal-
ciﬁed cartilage stiffness, since a positive correlation exists
between calciﬁed cartilage mineralisation density and nano-
indentation modulus38,39.
High compressive loads on the growth plate have been
reported to suppress cartilage mineralisation and vascular
invasion in rats40 and rabbits41. When loading was re-
moved, cartilage mineralisation resumed rapidly, but a delay
was seen in vascular invasion40,41. Bone marrow-derived
macrophages failed to differentiate into osteoclasts and
did not form resorption lacunae when cultured on hyaline
cartilage or demineralised bone42, conﬁrming the widely
held view that osteoclastic activity may be inhibited, or
less encouraged, by a non-mineralised substrate. It is pos-
sible that constant loading in regions within the metacarpo-
phalangeal joint leads to failure of articular cartilage
mineralisation and a subsequent retardation of chondro-
clastic resorption.
Linear accretion rate and articular calciﬁed cartilage thick-
ness are negatively correlated, meaning that the major de-
terminant of articular calciﬁed cartilage thickness must be
chondroclastic resorption in the 18-month-old equine distal
third metacarpal condyle. In general, sites with rapid linear
accretion rates have thinner calciﬁed cartilage than sites
with slow linear accretion rates (Figs. 3 and 4), which can
only have occurred if chondroclastic resorption advanced
more rapidly when tidemark linear accretion rate increased.
The apparent regional relationship between linear accretion
rate, mineralisation density and thickness suggests coordi-
nation of the progression of the calciﬁed cartilage minerali-
sation front and chondroclastic resorption. This might bedirect, for example through chondrocyteechondroclast sig-
nalling, or indirect, as each cell type responds indepen-
dently to local loading conditions.
Lag time estimation may be useful to describe the rela-
tionship between cartilage mineralisation and its subse-
quent removal during chondroclastic resorption. Lag time
estimation assists the determination of chondroclastic activ-
ity, since decreased lag times imply rapid advancement of
chondroclasts towards the tidemark. Estimating lag time
may aid researchers when they wish to ascribe causes of
change in hyaline and calciﬁed cartilage thickness either
to the tidemark or to chondroclastic resorption. In any
case, it is clear from the current study that it should not
be assumed that thick calciﬁed cartilage has resulted from
rapid linear accretion rate.
This study further demonstrates substantial variation in
lag time within the calciﬁed cartilage of the distal third meta-
carpal, from 0 days to 21 months. In those regions with
short lag times, osteochondroclastic resorption appears to
be advancing aggressively into calciﬁed cartilage, calcein
bands are typically distinct and bright, mineralisation den-
sity is higher and linear accretion rate is more rapid, sug-
gesting an overall activation of endochondral ossiﬁcation.
O’Connor showed that limb unweighting increased tidemark
linear accretion rate, and that joint immobilisation increased
chondroclastic invasion of calciﬁed cartilage in rats1, sug-
gesting that mechanical sensitivity of chondrocytes at the
tidemark and chondroclasts at the osteochondral junction
may be related to variations in calciﬁed cartilage thickness.
The parasagittal grooves of four horses showed in-
creased calciﬁed cartilage thickness and increased lag
times, indicating that chondroclastic resorption had been re-
duced in this region. The lag time of ‘648 days’ in a parasa-
gittal groove of an 18-month-old horse indicates that
chondroclastic resorption may have been delayed during
early growth. In regions where the estimated lag time was
greater than the horse’s age, it is probable that linear accre-
tion rate had been greater earlier in growth than at 18
months. More extended intra-vital labelling protocols are re-
quired to deﬁne changes in calciﬁed cartilage linear accre-
tion rate during joint development.
Defects in the parasagittal groove region are a consistent
feature of condylar fracture in adult (2-year old) race-
horses22,43. We found thickened, poorly mineralised calci-
ﬁed cartilage without increased tidemark linear accretion
rate in the parasagittal grooves of 18-month-old horses, in-
dicating delayed chondroclastic resorption of calciﬁed carti-
lage during early growth. This is the ﬁrst evidence that
developmental events prior to race training might contribute
to linear defects in the parasagittal groove and, subse-
quently, the possibility of increased risk of fracture during
racing and race training. Extensive future work is required
to determine whether variations in parasagittal groove mor-
phology at 18 months old are related to later condylar
fracture.
The exercise regimen used in this study resulted in few sta-
tistically signiﬁcant differences in measured parameters, in
common with the study of Nugent et al.27. Here, a gentle ex-
ercise protocol was designed to minimise the likelihood of
causing injury to young animals. Very few controlled exercise
programmes have been evaluated in very young horses44,45,
so no clear precedent for appropriate exercise intensity ex-
isted prior to this experiment. Furthermore, the foals in this
study had free access to ad libitum exercise on pasture, un-
like previous studies in which foals received sprint exercise
superimposed upon stall rest, or ad libitum pasture exercise
only46. Inclusion of a stall-rested groupmay have highlighted
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cause joint unweighting and immobilisation are known to in-
ﬂuence linear accretion rate and chondroclastic resorption1.
We eschewed, for reasons of animal welfare, raising horses
to 18months old with no access to exercise. Also, we wanted
to test increased over ‘‘normal’’ exercise, rather than impose
exercise on an atrophymodel. In view of the fact that many of
the world’s athletic horses are conﬁned for considerable pe-
riods, such a model does need to be tested, but this was
not possible in the present study for several reasons besides
the welfare concern.
High-intensity treadmill exercise was related to increased
calciﬁed cartilage thickness in adult horses’ middle carpal
bones47, but 13 weeks of training on grass and sand did
not affect calciﬁed cartilage thickness of 2-year-old horses’
third carpal bones31. Our exercise programme may have
been insufﬁciently intense at the appropriate stage to alter
regulation of the tidemark or chondroclastic resorption.
Juvenile animals’ calciﬁed cartilage may be relatively
unresponsive to exercise since growth cues might override
responses to mechanical stimuli. It is possible that ad
libitum pasture exercise is sufﬁcient to cause functional
adaptation of hyaline and calciﬁed cartilage, and that addi-
tional imposed exercise may have little beneﬁcial effect.
The regions of very thick calciﬁed cartilage found in this
study were distributed evenly between control and exer-
cised horses indicating no effect of the exercise regimen.
The negative correlation between linear accretion rate
and tidemark count may represent intermittent arrest of
the tidemark leading to reduced average linear accretion
rate and increased tidemark count. The failure of calcein
to bind strongly at levels other than that of the tidemark in-
dicates that the majority of cartilage mineralisation occurs at
the tidemark and not at multiple tidemarks. This contrasts
with one previous study in which it was concluded that tet-
racycline labelled multiple tidemark levels simultaneously14.
This may, however, reﬂect a difference in tetracycline and
calcein binding mechanisms, experimental dose levels or
prior therapeutic administration of tetracycline in that study’s
aged human subjects14. Here it is important to note that in
this study we used low dose, intravenous calcein adminis-
tration to ensure short, sharp uptake and clear labels for
reading with confocal microscopy. Deep articular calciﬁed
cartilage mineralisation may be diffuse and weak, so that
calcein would not form identiﬁable bands as it does at the
tidemark. Previous work16 failed to identify any temporal
trend in mineralisation density between calcein labels, sup-
porting the concept that the principal site of cartilage miner-
alisation is the tidemark.
We have identiﬁed distinctive variations in calciﬁed carti-
lage thickness and mineralisation density in the equine dis-
tal third metacarpal condyle, which are likely to have
structural importance. Material failure in the parasagittal
groove is a consistent feature of sagittal condylar fracture
of the third metacarpal in adult Thoroughbred racehorses.
Thick, poorly mineralised calciﬁed cartilage in the parasagit-
tal grooves of 18-month-old horses, prior to race training,
might contribute to later condylar fracture. Detailed investi-
gation into osteochondral biology in the palmar parasagittal
grooves of the distal third metacarpal condyle during early
growth is warranted.
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Glossary
Autoﬂuorescence: Fluorescence originating from tissue component
molecules, rather than from ﬂuorescent labels.
Backscattered electrons: Electrons that scatter from a specimen
due to interactions between the electron beam and atomic nuclei.
More backscattered electrons are collected from a specimen with
higher mean atomic number; the measured unit so derived is the
backscatter coefﬁcient, which forms the basis of quantitative back-
scattered electron scanning electron microscopy.
Confocal scanning light microscopy (CSLM): Microscopic tech-
nique that generates optical sections by eliminating out-of-focus
light with pinholes placed in the illuminating and collecting light-
paths.
Image registration: Aligning of images so that features present in
both images overlap in the same image or occupy the same pixel
position within separate images.
Intra-vital labelling: Detection of mineralising fronts in living tissue
by the administration of labels to living animals. Multiple labelling
allows measurement of mineralising front progression.
Lag time: A unit derived by dividing calciﬁed cartilage thickness by
linear accretion rate; it is an estimate of the time elapsed betweenmineralisation of a piece of hyaline cartilage and its later resorption.
Linear accretion rate: The speed (in mmd1) at which a mineralising
front travels through unmineralised tissue.
Mineralisation density: A measure of mineral concentration within
a tissue at the fabric scale, i.e., not mixing in non-mineralised
spaces such as cell lacunae or non-mineralised matrix. Requires
the very high resolution offered by S.E.M., and not available from
X-ray absorption methods, including X-ray microtomography.
Mineralised fraction: That proportion within an area or volume of
interest which is mineralised; again, it excludes unmineralised
matrix and cells.
Polymethylmethacrylate (PMMA): Synthetic resin used to embed
histological specimens prior to surface ﬁnishing or sectioning.
Quantitative backscattered electron scanning electron microscopy
(qBSE): A scanning electron microscopic technique for the determi-
nation of mean atomic number at the sub-micron scale. The ana-
logue backscatter signal at each electron beam sampling point is
converted into a digital signal, which is encoded as the grey level
of an image pixel representing that point on the specimen. The pixel
grey level is then normalised to the pixel grey levels of two known
standards, which have backscatter coefﬁcients higher and lower
than the specimen.
Region of interest (ROI): A sampled area or volume within an im-
age, deﬁned by an outline created by a computer operator or a com-
puter program.
Ultramiller: Device used to ﬁnish specimen surfaces with a high-
speed rotating diamond cutting head, producing optical ﬂat ﬁnishes
with generally less than 0.1 mm surface relief.
Volume fraction: The occupied proportion of a volume. In the case
of bone, it is that proportion of an arbitrary volume within the bone
organ which comprised bone matrix.
